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Summary 
 
Mesopause region horizontal winds have been measured over Collm during winter 2000/2001 
to investigate the response of the mesosphere/lower thermosphere region to a major strat-
warm. The stratospheric warming resulted in a reversal of both the zonal and meridional 
wind. In the zonal component, this reversal was due to a planetary oscillation with period 10 
days, which was even more pronounced in the vertical gradients, so that the stratwarm effect 
on the mesopause was owing to the superposition of an intensifying planetary wave (PW) and 
a slow overall decrease of the zonal prevailing winds. An effect of the stratospheric warming 
on the semidiurnal tide is also visible, namely by a decrease of the tidal amplitudes and rapid 
phase shifts in the order of 2 – 3 hours to later values. 
 
Zusammenfassung 
 
Um die Auswirkungen von raschen Stratosphärenerwärmungen (Stratwarm) auf das Windfeld 
der Mesopausenregion zu untersuchen, wurden Messdaten des Horizontalwindes über Collm 
in den Monaten Januar und Februar 2001 untersucht, in denen eine große Stratosphärener-
wärmung auftrat. Der Stratwarm zeigte sich im Windfeld in einer Höhe durch einen Rück-
gang des zonalen Grundwindes, sowie durch besonders starken Nordwind. Im Zonalwind 
zeigte sich eine deutliche Welle mit 10-tägiger Periode, die vermutlich den Stratwarm aus-
löste. Das hatte zur Folge, dass das Windfeld der Mesopausenregion während Stratwarm 
durch eine planetare Welle, sowie einen überlagerten Rückgang des Vertikalwindgradienten 
zusammengesetzt war. Ein Effekt des Stratwarm auf die halbtägigen Gezeiten war ebenfalls 
zu erkennen; die Gezeitenamplituden sind während der Stratosphärenerwärmung reduziert 
und die Phase liegt in einem kurzen Zeitraum um 2 – 3 Stunden später. 
 
Introduction 
 
Stratospheric warmings, in particular major warmings, which are defined by a reversal of the 
meridional temperature gradient between 60°N and the pole, and a reversal of the strato-
spheric westerlies to easterlies at 10 hPa or below, and thus by a complete breakdown of the 
stratospheric polar vortex, strongly affect the entire middle atmosphere up to the meso-
sphere/lower thermosphere (MLT) region. This has been found relatively early from MLT 
measurements of pressure and wind variations (e.g. Lysenko et al., 1975; Lauter and 
Schminder, 1976), and some authors called the mesopause region dynamics reaction on 
stratospheric warmings a breakdown of the winter circulation and a return to quasi-summer 
conditions in the mesopause region (Lauter and Entzian, 1982; von Cossart et al., 1982). In 
many papers the influence of stratospheric warmings on the MLT circulation has been pre-
sented, mostly in the form of case studies showing time series or selected profiles of 
mesopause region wind parameters measured during one or few winters. Most authors agree 
that frequently the warmings lead to a decrease of the westward zonal prevailing wind, or 
even to a wind reversal (Gregory and Manson, 1975; Schminder and Kürschner, 1981a,b, 
1990; Greisiger et al., 1984, Muller et al., 1985; Lysenko et al., 1990; Kazimirovsky, 1994; 
Jacobi et al., 1997). In addition, in some cases a change of the meridional prevailing wind has 
been described (Schminder and Kürschner, 1981b; Muller et al., 1985). The influence of 
stratospheric warmings on the semidiurnal tide (SDT), however, appears less clear. Lauter and 
Schminder (1976) reported increased semidiurnal tidal amplitudes during the periods of pres-
sure variations in connection with stratospheric warmings. Schminder and Kürschner (1981b) 
presented examples when the semidiurnal tidal phase changes during stratospheric warmings, 
while in other years (Schminder and Kürschner, 1981a) the tide seemed to be not influenced 
by the warming. 
 
Kazimirowsky (1994) reported measurements of winds over Siberia. He showed that as a rule 
a stratospheric warming is connected with a decrease in the zonal wind or even with a wind 
reversal, as well as with an increase of the semidiurnal tidal phase in some years. However, he 
also pointed out that the interaction between stratosphere and upper mesosphere during strato-
spheric warmings depends on the peculiarities of the specific warming event. This was also 
shown by Jacobi et al. (1997), who investigated the effect of major stratospheric warmings on 
the wind measurements at Collm using several case studies. They found from simultaneous 
presentation of stratospheric temperature and mesopause region wind time series that indeed 
the stratospheric warmings regularly are connected with a strongly disturbed zonal wind field 
in the MLT, but that the breakdown of the stratospheric polar vortex not necessarily is con-
nected with easterly zonal winds in the upper mesosphere/lower thermosphere. More recently 
it was shown by Jacobi et al. (2001) that this compensation effect and the height variation of 
the stratwarm influence on the MLT is dependent on longitude. 
 
On the contrary, during (and also after) warmings a compensation effect leads, in contrast to 
the normal stratospheric behaviour, to a warm stratosphere but particularly cold upper meso-
sphere at high latitudes during the stratospheric warming (Labitzke, 1972). Thus the easterly 
winds decrease with height, and particularly strong westerly winds in the mesopause region 
are observed in some cases. Thus, although in many cases the beginning of the stratospheric 
warming is marked by a decrease in the prevailing wind in the upper mesosphere, this can 
probably not be used for a foreshadowing of the further development of the warming event in 
the course of the following days or weeks. 
 
Although the basic principles of stratwarm are well understood, the specific effects during 
individual warming events may strongly differ from case to case, and moreover, vary signifi-
cantly with latitude and longitude. To summarize, the stratwarm effect on the MLT is still 
widely unclear, and requires further experimental results. Therefore, additional measurements 
and case studies on the MLT behaviour during stratwarm are necessary. Only recently, a com-
prehensive study using radar measurements over 12 years was performed by Hoffmann et al. 
(2001). In the following, we present MLT wind measurements over Collm (52°N, 15°E) dur-
ing the February 2001 major stratwarm event.  
 
Measurements and data evaluation 
 
At Collm, Germany, D1 radio wind measurements in the LF range are carried out, using the 
ionospherically reflected sky wave of three commercial radio transmitters on 177, 225 and 
270 kHz. The measurements are carried out according to the closely-spaced receiver tech-
nique. An algorithmised form of the similar-fade method is used (Kürschner and Schminder, 
1980). The procedure is based on the estimation of time differences between corresponding 
fading extremes of the reflected LF sky wave for three measuring points forming a triangle 
over the ground with small sides of 300 m in direction N and E, respectively.  
 
The individual pairs of time differences allow the calculation of individual wind vectors, 
which are combined to half-hourly zonal and meridional mean wind values on each fre-
quency, with a mean value being averaged over 30 - 60 data points per frequency. In order to 
improve the statistical reliability of the results, mean values are calculated including the re-
sults of the individual measurements on each of the three frequencies, referring to a reflection 
point at 52°N, 15°E. Since during the daytime the absorption of the sky wave is large, the 
measuring density decreases strongly then and especially in summer at times no half-hourly 
means can be constructed during the daytime.  
 
The virtual reflection heights are estimated using measured travel time differences between 
the ground wave and the reflected sky wave by means of phase comparisons in the modula-
tion frequency range on 1.8 kHz of the amplitude modulated LF radio wave (Kürschner et al., 
1987). Estimates of the real heights are calculated assuming a mean electron density profile. 
 
Data analysis 
 
The hourly or half-hourly mean wind data, respectively, form the data base for further data 
processing. The dominant dynamical parameters in the MLT region are solar semidiurnal 
tides, so that the investigation of the mean dynamics requires the separation of the prevailing 
winds and the tidal components. At mid-to high latitudes, the main modes are the migrating 
semidiurnal and diurnal tides. 
 
For separation of mean winds and tides, for the meteor radar measurements a regression 
analysis including the main periods is used for the hourly data in each height gate separately, 
which gives mean winds and tidal components at different heights. Generally, we use data 
from 4 days for each analysis and shift the data window by 12 hours, so that the resulting time 
series of wind parameters are partly overlapping. This is a common procedure in analysing 
MLT data. Since, however, LF radio waves are reflected at the lower boundary of the iono-
spheric E-region, in the course of each day we obtain, owing to the change of electron density 
in the E-region, horizontal winds at different heights at different times of the day (e.g. Kür-
schner et al., 1987). Therefore, binning the data in height gates would result in a strongly un-
even distribution of the local times for the different height gates. Therefore, a regression 
analysis with height-dependent coefficients (Kürschner and Schminder, 1986) is applied, 
which bases on the total of data during the respective 4-day data window. Due to the differ-
ence of reflection height in the course of each day the diurnal tide cannot be estimated with 
this kind of analysis. Therefore for the Collm winds only the mean winds and the SDT has 
been taken into account here. For improving the separation into mean winds and SDT of the 
Collm measurements, we assume circular polarised horizontal tidal components. This is justi-
fied for midlatitudes, as was tested using Castle Eaton, U.K., meteor radar data (Muller, 2001, 
pers. comm.) for 85, 93 and 98 km altitude. The difference of the zonal and the meridional 
tidal amplitudes amounts to 3.30 ± 0.68 ms-1, while the relative mean amplitude difference 
(the difference divided by the zonal amplitude) is 12%, so that the assumption of circular po-
larization appears to be justified. 
 
The wind field during January and February 2001 
 
Evolution of the stratospheric warming 
 
The evolution of the February 2001 major stratwarm has been monitored by the Stratospheric 
Research Group of the Free University of Berlin. The stratospheric state during winter is con-
tinuously reported in the so-called stratalert reports, which are available through the internet 
on a daily time schedule (http://strat-www.met.fu-berlin.de/cgi-bin/alert), while the older re-
ports are available from the NGDC, NOAA, US Department of Commerce by FTP access 
(ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/STRATWARMS/). 
Table 1: Evolution of the January/February 2001 stratospheric warming described by FU 
Berlin stratalert reports (taken from NGDC, NOAA, US Department of Commerce 
through ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/STRATWARMS/). 
Date Report 
  
12/18/00 Strong stratospheric warming is in progress. 
12/25/00 Return to normal winter conditions throughout the stratosphere within the next 2 
days.      
  
01/26/01 Minor warming over central Asia 
01/30/01 Strong minor warming is in progress. 
02/01/01 Strong minor warming continues. Temperature gradient reversed at 5 hPa and 
above. 
02/03/01 Strong minor warming continues. Temperature gradient reversed at 50 hPa and 
above. 
02/05/01 Strong minor warming continues. Temperature gradient reversed at 100 hPa and 
above to 5 hPa. 
02/09/01 Major warming in progress. Wind reversal at 60N/10 hPa expected within the 
next 5 days. 
02/13/01 The criterion of a major warming fulfilled at 10 and 5 hPa. 
02/16/01 Major warming continues - both criteria fulfilled in mid to lower stratosphere. 
02/23/01 Major warming decaying, disturbed circulation expected to continue. 
03/01/01 Decaying major warming, further disturbed circulation in the lower stratosphere, 
but a re-established cold polar vortex in the upper stratosphere. 
After in early winter a minor warming had occurred, in late December the stratosphere re-
turned to normal, i.e. cold winter conditions. Then, during the second half of January, another 
warming occurred, which turned into a major warming in February. The evolution of the 
warming is summarized in Table 1. It can be seen from the reports that the evolution of the 
stratwarm occurred rather rapidly, so that the major warming took place between February 9th 
and February 22nd. After that date the stratosphere slowly returned to winter conditions, but 
the circulation remained disturbed. 
 
 MLT wind profiles during February 2001  
 
The major period of the stratwarm occurred during mid-February. To show the reaction of the 
mesopause region on the warming, in Figure 1 profiles of the prevailing winds (zonal voz, me-
ridional vom) and the semidiurnal tidal amplitudes (v2z) and phases (T2z), defined here as time 
of maximum eastward winds) are shown for the time interval of the stratwarm and the rest of 
the month. It will be shown below that this period was also disturbed by the stratosphere.  
 
The profiles are calculated by fitting mean winds and tidal harmonics to the half-hourly mean 
winds from the time interval indicated in the legend. The regression coefficients are taken as 
height-dependent. This procedure (instead of calculating mean winds and tidal parameters for 
each height level separately) is necessary because of the systematic diurnal change of the re-
flection height.  
 
The stratwarm leads to a reversal of the zonal prevailing wind at altitudes to 95 km, which has 
frequently been described in literature. Moreover, a compensation effect at greater altitudes is 
also visible. The meridional prevailing wind was influenced also and turned to stronger 
southward directed winds. This can be explained by a possible residual circulation effect. As 
can be seen also, the tidal amplitudes strongly decrease, while, however, its vertical structure 
remains the same. There is also a stratwarm effect on the tidal phases. Sometimes in literature 
the effect of stratospheric warmings has been described as a sort of temporarily anticipation of 
spring conditions in the upper mesosphere, which describes the easterly winds in the strato-
sphere and the reversed vertical gradients. This is also seen in the tides: the amplitudes are 
smaller, and the phase gradients above 93 km are very small, but in the lower part of the 
height range seen here the effect of a different mode is visible. 
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Figure 1: Profiles of zonal (upper left panel) and meridional (upper right panel) prevailing
winds and the semidiurnal tidal amplitudes (lower left panel) and phases (lower right
panel) over Collm in February 2001.  
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Figure 2: Height-time cross-section of the zonal prevailing wind over Collm.  
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Figure 3: Height-time cross-section of the meridional prevailing wind over Collm.  
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Figure 4: Height-time cross-section of the semidiurnal tidal amplitude over Collm.  
The wind profiles in Figure 1 show the overall circulation during and around stratwarm. 
However, the circulation patterns are highly variable and therefore in the mean profiles in 
Figure 1 some features are possibly missing. Therefore in Figures 2 - 4 profiles are presented, 
each based on 4 days of data and calculated assuming quadratically height-dependent coeffi-
cients. The time interval of the major warming is indicated in Figure 2. When interpreting the 
figures it has to be taken into account that a database of 4 days only for a regression analysis 
is a rather small one, and that therefore particularly the uppermost and lowermost wind values 
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Figure 5: Profiles of the zonal and meridional amplitudes (left panel) and phases (right
panels) of the 10-day oscillation, calculated from regression analysis using the database 
from 12.2. – 24.2.2001. The phase values refer to 1.1.2002, 0 UT. 
may be affected by uncertainties due to a possible insufficient decomposition of the wind field 
into mean winds and the semidiurnal tide.  
 
Nevertheless, some interesting features can be seen particularly from the zonal prevailing 
wind field in Figure 2. It is shown there that the wind field is already disturbed in mid Janu-
ary, and that wind reversals, especially at lower altitudes, are already seen before the major 
stratwarm was really established. As can be seen from the straight lines, however, a wave 
with a period of about 10 days was present, which leads to easterly (negative) winds also be-
fore the strong stratwarm event. After the end of the major warming the stratospheric circula-
tion remains disturbed, but the mesopause region zonal westerlies appear to recover.  
 
The more tentative vertical slope of these lines, which indicate the vertical phase shift of the 
10-day oscillation, can be calculated by applying a regression analysis with including the 10-
day period into the analysis, so obtaining amplitudes and phases of the 10-day wave directly. 
The results of such an analysis are shown in Figure 5. In the left panel the amplitudes are pre-
sented, which are stronger than 10 m/s in the lower part of the region considered. The phases 
are shown in the left panel. From the lower part, a vertical phase gradient of 2 h/s/km is 
found. From this gradient a long vertical wavelength of about 100 km can be estimated. 
 
The meridional winds in Figure 3 show the strong southerlies during the major stratwarm. The 
pattern looks somewhat similar to the one of the zonal prevailing wind, but there are substan-
tial weaker waves to be identified from the contour plots. The semidiurnal amplitudes (Figure 
4) during stratwarm are very weak, but show a modulation, which is connected with the zonal 
wind variability.  
 
Time series of Collm MLT winds 
 
Some key features of the circulation can be seen easier from time series than from contour 
plots. Therefore in Figure 6 time series of the wind parameters are shown for two heights (98 
and 93 km). The data are taken from the contour plots in Figures 2 – 4 (data base 4 days). It 
can be seen from Figure 6 that the zonal prevailing wind, starting late January, is very vari-
able. The "stratwarm period" with strong easterlies was preceded by a period of extraordinar-
ily strong westerlies, peaking to about 20 m/s compared to the “regular” 10 m/s. From the 
vertical gradients, visualized in Figure 6 by different shading of the space between the voz-
curves for the two altitudes, it can be seen that this is part of an oscillation with a period of 
about 10 days, indicating the presence of a planetary wave. It should also be noted that the 
zonal prevailing wind gradient between 98 and 93 km, which under undisturbed conditions is 
negative in winter, is mostly positive during January, so that obviously the stratwarm effect 
was visible even during a comparatively early stage of the warming event. 
 
The meridional wind, considering absolute values, shows a similar run of its curve. However, 
the strong positive values and the following turn towards negative (northerly) winds around 
day number 40 are not accompanied by a change in the vertical gradient. The vertical merid-
ional wind gradients change not before the decay of the major warming (after day number 
50). 
 
The tidal amplitude gradient is positive during the entire time interval. This is the common 
feature during winter. During stratwarm the amplitudes are smaller than during the rest of the 
winter, when undisturbed conditions were prevailing. It can be seen, however, that the ampli-
tudes are affected from late January on, which indicates that the stratwarm influences the up-
per mesosphere during a longer time interval than the one marked by the stratospheric wind 
reversal. The tidal phase changes during stratwarm to somewhat earlier values after the end of 
January. This is more typical for summer conditions, and shows the obvious dependence of 
the semidiurnal tide propagation on the mean stratospheric and mesospheric circulation. 
Around day number 45, however, the "winter" conditions with later phases re-establish in a 
sudden burst. This is in close connection with the strong zonal mean winds during that period. 
Probably during this time interval a different tidal mode is dominant. During March the phase 
changes again, already indicating the change to spring conditions. 
 
The zonal prevailing winds exhibits a wavelike pattern, while the meridional wind does not 
obviously show such an effect. This becomes clear, because the zonal wind variations are 
directly due to the planetary wave effect, which causes the stratwarm, while the meridional 
wind is part of the residual wind system which occurs due to the effect of the waves on the 
mean flow, so that the meridional structure should naturally be more smooth. In the following 
the mean wind variability will be investigated further.  
 
Long period oscillations as indicators for planetary waves  
In Figure 7 the vertical wind gradients are shown, calculated from the time series in Figure 6. 
To both the zonal and meridional wind gradients a 7-day averaging was applied and added as 
solid lines. It can be seen that during the warming period the meridional wind gradient was 
reversed; this, however, appears not before the major stratwarm was nearly finished. After the 
mean zonal wind field has been recovered in late February, the meridional wind gradient turns 
back to small values again.  
 
 
Figure 6: Time series of prevailing winds and semidiurnal tidal amplitudes and phases during 
January and February 2001 at two different heights. Positive and negative vertical gradients 
are indicated by different grey scales of the interspacing between the curves. 
 
On the contrary, the zonal prevailing wind gradient exhibits a distinct 10-day oscillation. In 
addition, and indication for a 20-day oscillation is also seen in Figure 7. Therefore, we ana-
lysed the wind field, again including the planetary wave period into the regression analysis, 
but this time adding both the 10 and 20-day oscillation. The results for 93 and 98 km are pre-
sented in Figure 8. The values for each day are calculated from a 15-day data base and attrib-
uted to the centre of the interval. 
 
It can be seen that both the 10-day and the 20-day wave have strong zonal amplitudes, while 
the meridional amplitudes are weak. The 20-day oscillation appears later than the 10-day 
wave. The most striking point is that the zonal prevailing wind variations during the entire 
stratwarm now consists of a nearly continuous and regular decrease of about 1.2 m/s/week, 
and during stratwarm the prevailing wind at 93 and 98 km altitude are never negative during 
stratwarm. Only in March, connected with the regular transition to spring conditions, easterly 
prevailing winds are found. 
 
Inspecting the trend of the zonal prevailing wind gradient in Figure 7, and in particular in Fig-
ure 8 it can be seen that the major stratwarm influence on the mesopause region consists of 
two effects: a planetary wave, which is overlaid by a continuous decrease of the wind as well 
as its gradient. The superposition of these two effects leads to the strong turn in zonal pre-
vailing winds visible after day number 40 in Figures 2 and 5, but in fact the stratwarm mean 
effect is a more smooth and continuous zonal wind change that started in late January, long 
before the stratwarm definitely turns to a major stratwarm and the stratospheric wind reversal 
was found.  
 
Figure 7: Time series of zonal (upper curves) and meridional (lower curves) prevailing wind 
vertical gradients between 93 and 98 km. The values were calculated from the differences of 
the values from Figure 6. The solid lines are 7-day averages of the wind gradient values.  
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Figure 8: Time series of wind parameters calculated from 15-day window databases: zonal 
prevailing wind (upper left), meridional prevailing wind (upper right), zonal (middle left) and 
meridional (middle right) 10-day amplitude and zonal (lower left) and meridional (lower 
right) 20-day amplitude, each parameter for 93 and 98 km altitude, respectively. 
 
Conclusions  
 
During February 2001 the mesopause region winds showed a strong reaction - also in com-
parison with the effect during previous stratwarm winters - on the major stratospheric warm-
ing. During the main phase of the warming in mid February the zonal as well as the merid-
ional prevailing winds showed strong negative values. This was, however, of different origin: 
the zonal wind reversal was owing to a combination of planetary wave activity and a gradual 
decrease of the prevailing wind, while the meridional wind change probably was due to the 
residual circulation forced by planetary wave-mean flow interaction at lower altitudes.  
 
The semidiurnal tidal amplitudes were markedly reduced during the warming. However, par-
ticularly the phases show a distinct tendency of interaction with the mean zonal winds, indi-
cating a dependence either of the tidal forcing in the stratosphere or of tidal propagation in the 
mesosphere on the mean circulation.  
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